Polycyclic aromatic hydrocarbons (PAHs) are the focus of research in significantly diverse fields, ranging from biochemistry 1 to theoretical chemistry, 2 from molecular electronics 3 to astrochemistry, 4 where PAHs are assigned an important role 5, 6 due to their chemical composition and spectral features. [7] [8] [9] [10] [11] In this framework, a theoretical identification of the absorption and emission features of these molecules assumes a significant relevance, 12, 13 since they might drastically vary both upon small structural modifications 14, 15 and as a consequence of ionization [16] [17] [18] [19] or dehydrogenation. [20] [21] [22] [23] In the field of molecular electronics, the interest in medium-and large-sized PAHs is intrinsically connected to graphene, as they are viewed as highly stable graphene molecules. 24 Their intriguing and versatile optical properties, 25, 26 combined with their facile bottom-up synthesis 27 and their capability to assemble into π-π stacked superstructures, 28, 29 make them excellent candidates for opto-electronic applications, 3, 30 where slight structural variations can trigger different properties and functionalities. 31 In this paper we investigate the effects of size and anisotropy on the optical spectra of PAHs, with the aim of providing an useful reference for understanding and predicting their optical response. To tackle this issue, we focus on two prototypical classes of molecules with D 6h and D 2h point group symmetry, which are related to coronene, viewed as a multifunctional seed. Indeed, with its high symmetry and specific electronic structure, coronene is one of the most representative medium-size PAHs. 24 By means of a well-established quantum chemistry approach, we perform a theoretical analysis to identify the size-and anisotropy-induced modifications to the spectral features in the visible and near-UV bands of PAHs. The present study aims at showing that the main effect of size increase, moving from coronene to larger hexagonal PAHs of fixed symmetry, is an oscillator strength variation of the main excitations and a red shift of the whole spectrum, which brings the strong absorption peaks from the UV to the visible energy region, maintaining overall the character of the excitons. Moreover, the additional features produced in the spectra by the anisotropical elongation of coronene in one direction will be investigated; specific focus will be devoted to the effects of symmetry breaking. Finally, it will be clarified that bright excitations in the visible region appear already for the smaller anisotropic molecules, with low mass compared 3 to highly symmetric PAHs.
Computational Methods
The results presented in this paper are obtained within the framework of Hartree-Fock based semiempirical methods. 32 This methodology is well tested and reliable to compute the electronic and optical properties of C-conjugated low-dimensional systems, [33] [34] [35] [36] including PAHs themselves. 17, 37 The AM1 model 38 is adopted for structural optimization [0.4 kcal/(mol · Å) threshold for the forces], whereas the ZINDO/S model, 39 based on Configuration Interaction (CI) including single excitations only, is employed for the optical spectra.
To better characterize the optical excitations, we introduce the transition density, 40, 41 which is defined as:
where φ α (φ β ) indicates the occupied (unoccupied) molecular orbitals (MOs) and c I αβ are the CI coefficients of the I th excited-state configuration. 42 The transition density is directly related to the transition dipole moment of the I th excitation: 43
where p = −e r is the momentum operator, Φ 0 is the ground state Hartree-Fock wave function and Φ p the singly excited configuration, including all the possible Slater determinants obtained by coupling φ α → φ β transitions in the given energy window. From ?? it is thus clear that the transition density provides a representation of the polarization of the excitation, which can be visualized through a three dimensional isosurface representation. 44, 45 Finally, as the oscillator strength is proportional to the square modulus of the transition dipole moment, the transition density also carries information about the excitation intensity.
Starting from coronene (C 24 H 12 ) as multifunctional seed, the effects of size and symmetry These structures belong to the D 2h point group and can be identified through their length (N L ) and width parameters (N W ). 47 The latter is defined as for periodic armchair graphene nanoribbons as the number of C-dimers along the y axis of the molecule (see 1), 48 while N L is identified as the number of zigzag chains in the x direction, excluding the ends. The coronene-derived GNFs considered here have fixed width of about 7.4 Å (N W =7) and increasing length, ranging from about
Note that in both cases we focus on fully armchair-edged molecules to avoid any spurious open-shell effects, typically associated with the presence of zigzag edges. 49 
Results and Discussion
The optical absorption spectrum of coronene (2, top panel) is characterized by an intense peak in the near-UV region (P1, at 4.26 eV, see 1) and by two low energy dark excitations in the visible band (D1 and D2 at about 3 and 3.5 eV, respectively). The lowest energy excited states of hexagonal PAHs, corresponding to transitions between the doubly degenerate frontier orbitals (see 4a) and here labeled as D1, D2 and P1, are commonly identified as α, para (p) and β bands, respectively, according to Clar's notation (see e.g. Ref. 15 and references therein). These excitations correspond to symmetry forbidden B 1u and B 2u states (D1 and D2 in 2), and to a higher energy E 1u state, characterized by a twofold degeneracy and by a large oscillator strength (P1 peak). The features of D1, D2 and P1 can be clearly captured from the transition density plots in 3. The modulation of the positive and negative domains in D1 and D2 provides evidence of the zero dipole moment associated to them, while P1 is characterized by a remarkable polarity. These results are in agreement with the available experimental data 15, 50 within about 150 meV, as well as with other predictions obtained within different theoretical approaches. 14,17,51 The lowest energy peak is typically identified in experiments as the strongest absorption peak in the UV/vis region. Moreover, as a matter of fact, the lowest dipole-forbidden excitations are also detected in experiments 52 as associated to vibrational modes 17, 53 or, in general, with structural deviations from the ideal symmetry, generally adopted in theoretical simulations. 54 For this series of hexagonal PAHs, 2, from the top to the bottom, indicates that the full op- 
2.88 4.53 0.635 8 tical spectrum, including dark excitations, is red-shifted with increasing size, as expected from the higher delocalization of the relevant molecular orbitals, 55 as recently reported for other PAH series. 15 Specifically, P1 is brought from the UV to the visible range (green), while the lowestenergy dark excitations move from the visible (violet) to the infrared band. As such, P1 undergoes a larger red shift than D1 and D2, in comparison with the spectrum of coronene. The lowest energy excitation of HBC (D1), corresponding to the Clar's α band, is found in our study at 2.84 eV (1).
This value is in excellent agreement with recent experimental results of HBC in gas phase 56 and in rare gas matrix: 57 these studies assign the lowest energy excitation of HBC, at 2.86 eV and at 2.85 eV, respectively. In Ref. 57 also the position of the p band (D2, 3.22 eV, see 1) is reported at 3.30 -3.35 eV, depending on the embedding gas matrix. Also for this excitation our results compare very well with the experiment within an error of 3%. The first active peak of HBC (P1) stems from our calculations at 3.82 eV (1), also in very good agreement with the experimental data at about 3.7 eV (error of 5%). 57 As a consequence of the preserved symmetry, the main optical features in all the examined hexagonal PAHs remain unchanged throughout the series (see 2 and 1). This is further confirmed by the resulting transition densities shown in 3. In fact, the MO's contributing to the excitations are the same in all the structures, as their character is maintained by the molecular symmetry. In the low energy spectral region, between D2 and P1, only one doubly degenerate excitation appears in the spectra of the larger molecules of this set (HBC, C 114 H 30 and C 222 H 42 ). As discussed for D1 and D2, also this dark excitation can be activated when coupled to vibrational modes (see e.g.
Ref. 57 for the case of HBC). Higher energy excitations than P1 fall beyond the spectral range of interest (visible and near-UV bands) for coronene and HBC, while this is not the case for C 114 H 30 and C 222 H 42 . As shown in 2, higher energy peaks stem from transitions between deeper occupied and higher unoccupied MOs, carrying much weaker intensity than P1. The relative intensity of the excitations is connected with the anisotropy -i.e. length/width ratio -of the D 2h PAHs. This phenomenon, which was discussed for longer flakes of the same family, 47 can be definitely clarified here for these short structures. As quantified in 2 and illustrated in 4b, going from the N L =4 to the N L =8 ribbon-like PAHs, the oscillator strengths increases by almost one order of magnitude, while the intensity of L2 is incremented only by a factor of 1.5 (see also 2). A visual picture of this feature is provided by the transition densities in 5, which indicates a similar modulation of L1 and L2 in the N L =8 PAH, compared to the stronger dipolar character of L2 for circumbiphenyl. In the case of the L1 excitation, the weight of the HOMO → LUMO increases with the length, at the expense of the HOMO-1 → LUMO+1 transition: in circumbiphenyl the ratio between these two single-particle transitions is about 1/3, while it decreases to less than 1/8 in the N L =8 PAH. The same occurs for L2, with a reversed contributions (2). In the limit of very long ribbon-like PAHs with N W =7 and length parameter up to N L =20, corresponding to a length of about 88 Å, L1 and L2 present an equal oscillator strength 47 . Also here the increasing length of the flakes induces a red shift of the spectra (see 4b), as observed in hexagonal PAHs (2) . On the other hand, since the flake width is held fixed, the excitations with transverse polarization, T1 and T2, are very similar in all the considered D 2h structures: their energy is only slightly modified, and the oscillator strength is preserved along with the relative weight of the dominant MO transitions, so that on longer flakes the direct excitons will be lower than the forbidden ones. 58, 59 Finally, when comparing the energy of the first active excitation for symmetric (D 6h ) and elongated PAHs (D 2h ), one notices that a peak at ∼2.9 eV is found for both the hexagonal C 114 H 30 molecule and for the C 52 H 20 flake (N L =6), which present a striking ratio of molecular masses with respect to each other.
Conclusions
In conclusion, we have presented a detailed quantum-chemical analysis of the effects of size and anisotropy on the optical properties of two prototypical classes of PAHs, with D 6h and D 2h symmetry. Having ruled out spurious effects with the choice of structures with purely armchair edges, the optical properties of these systems appear strongly dependent both on the size and on the anisotropy of the molecule. Most importantly, our findings indicate that the energy of the lowest energy active peak depends more crucially on the molecular symmetry, than on the molecular weight, related in this case to the number of C atoms in the structure. In GNFs with D 2h symmetry optically active peaks appear in the visible band already in the spectrum of circumbiphenyl (C 38 H 16 ). On the other hand, only hexagonal molecules with a few hundreds of C atoms can absorb a photon in the same spectral region. The results of this work provide significant insights into the interpretation of the experimental spectra of PAHs and consequently into the physical mechanisms driving their optical absorption. Moreover, they confirm the large tunability of this class of compounds upon size and symmetry variations, regarding the optical properties. In the field of optoelectronics these outcomes represent a valuable indication in view of designing molecular nanodevices.
Finally, the detailed investigation carried out in the present study on the size and anisotropy effects on the optical spectra of representative classes of PAHs can serve as a guide for the astronomical observation of these carbon compounds. Specifically, the symmetry analysis of the main excitations in the visible region with respect of the molecular weight is a valuable indication for determining the relative abundance of medium-size aromatic molecules, and hence clarifying the composition of the ISM.
